The advantages of coal are the largest reserves among any other fossil fuels, and can be found in many places including some developed countries. Due to the weak energy security of Japan, it is necessary to use coal as an energy source. We have designed the detailed energy model of electricity sector in which we take both energy conversion efficiency and economic aspects into consideration. The Japan model means an energy-economic model focusing on the structure of the energy supply and demand in Japan. Furthermore, the most suitable carbon capture and storage (CCS) system consisting of CO 2 collection, transportation, storages are assumed. This paper examines the introduction of clean coal technologies (CCT's) with CCS into the electricity market in Japan, and explores policy options for the promotion of CCT's combined with CCS. We have analyzed the impacts of carbon tax where each fossil technology, combined with CCS, becomes competitive in possible market. CO 2 mitigation costs for all plants with CCS are detailed and compared.
Introduction
Growing electricity demands within the next century imply an expansion in the current power plant fleet. The achievement of the above, coupled with the need for significant reductions in greenhouse gas (GHG) emissions, is a challenging task. The advantages of coal are the largest reserves among any other fossil fuels, and can be found in many places including some developed countries. Due to the weak energy security of Japan, it is necessary to use coal as an energy source. Therefore, cleaner, more efficient fossil fuel based power plant designs, combined with CO 2 capture and storage (CCS) technologies, constitute an attractive option to meet this challenge in the near to medium term. Integrated coal gasification combined cycle (IGCC) power plants have the lowest carbon dioxide emissions among coal power plants. When combined with CO 2 physical absorption system, substantial CO 2 emissions reductions can be attained. This paper is a technical and economic comparison of the performance of generating power plant with carbon capture and storage. An energy-economic model has been developed. We have taken into consideration both energy conversion efficiency and economic aspects, and designed the detailed energy model of the electricity sector. Furthermore, the most suitable CCS system consisting of CO 2 capture, transportation and storages are assumed. Detailed analysis of costs associated with today's technology of CO 2 separation and capture at three types of power plants; integrated coal IGCC, supercritical pulverized coal-fired simple cycles (PC), and natural gas-fired combined cycles (NGCC), have been conducted. This paper simulates the introduction of IGCC with CCS into the electricity market in Japan, and explores policy options for the promotion of generating power plant with CCS. It analyzes carbon tax where each fossil fuel technologies, combined with CCS, becomes competitive. CO 2 mitigation costs for all plants with CCS are detailed and compared.
Methods of analysis

Technology selection
The CCS system assumed in the study is shown in Fig. 1 . The system is consisted of power generation, CO 2 capture, transport, and storage. Power generations include supercritical pulverized coal-fired simple cycles (PC), natural gas-fired combined cycles (NGCC), and IGCC. The CO 2 capture technologies that are suitable for an electricity generating system should be chosen. As for the system configuration in the study, MEA (Mono Ethanol Amine) scrubbing of flue gas is introduced to capture the CO 2 in both the PC and NGCC plants. IGCC plants allow the introduction of more energy efficient scrubbing processes involving physical absorption to capture CO 2 from high-pressurized synthesis gas. CO in the coal gasified fuel will be converted to CO 2 by water-gas-shift reaction, and then captured in the process. A pipeline transports CO 2 . The possibility of underground CO 2 sequestration in depleted oil and gas fields and aquifers is being studied in Japan. Oil and gas reservoirs have the potential of 2 billion tones of CO 2 sequestration. On the other hand, aquifers are the most attractive as underground CO 2 sequestration reservoir and their potential is temporary sufficient, considering that the amount of CO 2 from fixed emission sources is annually 400 to 500 million tones. 
An energy-economic model
We have developed the detailed model in the electricity sector based on an energy-economic model of Japan, which has been designed by Nakata et al. (Nakata, 2000; 2001) . The Japan model itself has eighty-two processes; includes eight demand nodes in the industrial, commercial, residential and transportation sectors; and contains thirteen resource nodes modeling purchases of coal, natural gas, petroleum, and nuclear fuel in the world markets. Additional processes model electricity sector, transportation services, and the conversion of fuel to heat. Nakata et al. analyzed the impact of the carbon taxes on energy systems in Japan using this model. In the study, we focus on the CCS system in the electricity sector. The Japan model runs from the year 2004 to 2049 under the time step of five years period.
In the model analysis, the price for the current period must be set so that total revenue is equal to the capital investment needed add a unit of capacity. The equation is as follows;
This equation is then solved for current period price, Pc.
(2)
Pc : current period price DCF : discounted cash flow factor Rf : future net revenues Cc : costs per unit output during the current period SCC : specific capital costs Lf : the load factor at which the facilities are operated Af : the availability factor of the facilities Japanese electricity sector model is shown in Fig. 2 . The model is consisted of oil-fired power, gas-fired power, and coal-fired power, hydropower, nuclear, and renewables such as photovoltaics and wind power. Gas-fired power is consisted of gas combined cycle power plant, gas turbine power plant, and gas boiler power plant. Coal-fired power is consisted of additional conventional coal boiler power plant and advanced coal boiler power plant. In this study, we have assumed that conventional coal boiler power plants and oil boiler power plants will not be constructed, and the amount of electricity power generation of them will decrease.
A node of clean coal technology such as IGCC is introduced in the electricity market in the model. Then, as for the introduction of clean coal technologies into the electricity market, we have defined the following three scenarios. The details of each scenario are given below. Table 1 provides a price and annual price growth rate of fossil resources. The technical parameters of CCS such as the specific capital cost, the ancillary operating cost, and the energy conversion efficiency are summarized in Table 2 . These parameters are carefully examined from the current references.
Fig. 2 Electricity sector in the Japan model
Pc = SCC Lf • Af • DCF − Rf DCF + Cc ( Lf • Af ) • (Pc − Cc) • DCF + Rf     = SCC
Main assumptions
The CO 2 separation rate was set to 90 percent. In consideration of this value, a CO 2 emission factor of fossil resources used with a CCS plant is a one-tenth of the fuel, which a plant without CCS uses. An aquifer is assumed as an option for CO 2 storage, as well as estimating an average transportation distance corresponding to a pipeline length as roughly 100 km. Table 1 Resource price and annual price growth rate Table 2 Technical and cost parameters of power plant with/without CCS
Scenario definition
In terms of the introduction of IGCC and CCS into the electricity market, the following three scenarios are set. The details of each scenario are given below.
( In this study, it is assumed that a carbon tax and subsidy to capital cost of CCS are imposed for the method of reducing the price difference of electricity between the CCS and other power plants. A subsidy rate is set at 25 or 50 percent of capital costs of CCS.
RESULTS OF THE ANALYSIS
Comparison of BAU case and IGCC case
The discussion in this section highlights the analytical results of the electricity power generation of IGCC, and CO 2 emission from the electricity sector.
First, the electric power generation is shown in Fig. 3 . In the electricity market, demand for the generation technology with the lower generation cost increases among other technologies. The electric power generation of conventional coal boiler decreases, because IGCC comes into the electricity market instead. Although the specific capital cost and ancillary operating cost of IGCC are higher than those of conventional coal boiler, the energy conversion efficiency of IGCC is higher than that of conventional coal boiler, resulting in increased introduction of IGCC. The IGCC case shows more electric power generation than the BAU case. The reason is that as IGCC gives alternative in the electricity sector, average price of electricity lowers, and the demand for electricity increases. The electric power generation of IGCC reached 3 percent of the electricity sector, and 7.5 percent of coal-fueled power generation output in the year 2049. Fig. 3 Electric power generation for two cases Second, the CO 2 emission from the electricity sector is shown in Fig. 4 . CO 2 emission from coal-fueled power generation in 2049 has more three mmTC (million tones of carbon) than that in BAU case. Although the energy efficiency of IGCC is higher than that of existing power plant, CO 2 emission increase because the consumption of coal rises by the increase in the demand of IGCC. 
CCS case
The discussion in this section highlights the analytical results of the electricity price and of CCS. The electricity costs in CCS case are shown in Fig. 5 . The electricity prices of IGCC, PC, and NGCC with CCS in 2049 are $32.0/mmBtu, $32.7/mmBtu, and $30.4/mmBtu. Since the electricity price of power plant with CCS is larger than that of existing power plant, the demands of CCS will not become large in the electricity market. It is important for the introduction of CCS to reduce the electricity price. Therefore, we assumed that subsidy and carbon taxes are imposed for the method of reducing the price difference of electricity between the CCS and the other power plants. First, we analyzed the effects of a subsidy to the specific capital cost of CCS. The electricity price of CCS of the case that the specific capital cost is covered with a subsidy. When subsidy rate is 50 percent, the electricity prices of PC, NGCC and IGCC are $28.2/mmBtu, $26.2/mmBtu, and $27.5/mmBtu. Although the electricity prices decrease, they are larger than those of existing power plant. It is difficult to promote the introduction of CCS by only subsidy.
Break-even point
The discussion in this section highlights the analytical results of electricity price of CCS when a carbon tax is imposed. First, the electricity cost of IGCC, PC, and NGCC with CCS when a carbon taxes are imposed in the year 2049 is shown in Fig. 6 . Since the power plant, which applied CCS, does not discharge most of CO 2 , they are hard to be affected by carbon tax. As a result, the electric power generation of power plant with CCS increase.
Second, we analyzed the impact that a carbon tax and a subsidy affect the introduction of CCS. When the carbon tax is $426/mmBtu, the electricity price of IGCC with CCS becomes equal that of IGCC without CCS. Therefore, a carbon tax must have a strong impact to promote introduction of CCS. In the case of PC and NGCC, the crossover points are $579/mmBtu and $807/mmBtu respectively. In addition, the crossover point, which means break-even point, changes when the specific capital cost is partially covered with a subsidy. The changes in break-even points are shown in Fig. 7 . Table 3 shows electricity costs under the condition of different subsidy rate. The introduction of CCS when a carbon tax and a subsidy are imposed is shown in Fig.  8 . The energy-economic model used in the analysis has a market sensitivity factor, which allows cost expensive power generation comes into the electricity market at some level. That's why power generations with different costs share the market. If the carbon tax is larger than $300/mmBtu, the introduction of CCS advances. The electric power generation when a subsidy rate is 50 percent and a carbon tax is $300/mmBtu is shown in Fig. 9 . The electric power generation of PC with CCS decreases because the efficiency of PC with CCS is smaller than that of other power plants. On the other hand, the electric power generation of NGCC and IGCC with CCS increase. In the year 2049, the electric power generation of power plant with CCS reached 15 percent of the whole electricity section. The CO 2 emission reduction in CCS case is 55 mmTC in the year 2049 shown in 
Comparison of CO 2 mitigation costs
In general, the CO 2 mitigation costs of different plants using a mitigation cost (MC, in $/tone CO 2 avoided), given in the following equation: Table 4 . In this study, the same plant is used as the reference plant. IGCC with CCS has the lowest CO 2 mitigation cost of all the plants ($193/tC), followed by the PC with CCS and NGCC with CCS ($262 and $427/tC, respectively). IGCC with CCS has CO 2 mitigation costs over two times lower than NGCC with CCS. It is concluded that it is effective for CO 2 reduction to apply CCS to IGCC. 
Conclusions
In the study, the feasibility of CCTs in competitive energy markets is evaluated, applying an energy economic model into the electricity sector in Japan. The results show following characteristics.
• Both the capital and O&M cost of IGCC is higher than any other fossil fuels power generation, however, thermal efficiency is better than conventional pulverized coal combustion, resulting in market competitiveness. Its share in power generation is expected to be 4 percent in the year 2049.
• CCS does not have market competitiveness, as it requires huge energy to recover CO 2 and the initial cost is still expensive.
• CO 2 mitigation costs is estimated to be $193/tC for IGCC combined with CCS, which shows half of that of natural gas fired plants. In other words, IGCC can be cost attractive measure to reduce CO 2 emission provided CCS. As for the electricity cost, IGCC gives higher value than NGCC. As the system's analysis is mainly for Japan's electricity market this time, the analytical approach can be applied to developing countries having huge market like China. Promotion of CCTs should be one of the best measures to mitigate carbon emissions as well as stringing energy security in countries in East Asia. 
